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INTRODUCTION 
 Computer-aided medical technologies are currently restricted by 
the limited understanding of the mechanical response of solid 
abdominal organs to finite loading conditions typical of surgical 
manipulation [5]. This limitation is a result of the difficulty in 
acquiring the necessary data on whole organs. To develop a 
constitutive model capable of predicting complex surgical scenarios, 
multiple testing modalities need to be simultaneously obtained to 
capture the fundamental nature of the tissue’s behavior under such 
conditions. In vivo tests are essential to obtain a realistic response, but 
their inherent difficulty and unknown boundary conditions makes 
them an impractical approach. Ex vivo tests are easy to control, but the 
response is unrealistic. A perfusion apparatus was previously 
developed that obtained near in vivo conditions for whole livers while 
allowing the ease of ex vivo testing [3]. This work presents the results 
from complete viscoelastic testing of whole-perfused livers with 
surgically relevant time-dependant indentation loading profiles to 35% 
nominal strain. These results will aid in the development of a 
constitutive model for the liver whose parameters can be related to the 
physical constituents of the tissue. As an intermediate modeling step, a 
1D rheological modeling tool was used to identify the form and initial 
parameters for a constitutive model. 
 
METHODS 
 Livers from five pigs (57.8 ± 23 kg mean mass) were tested using 
the perfusion apparatus from [3], with the outlet (inferior vena cava) 
serving as a means of hydrating the organ surface. The perfusate was 
changed from [3] to include 5% Dextrose Lactated Ringers Solution 
and 6% Hetastarch (Henry Schein, Melville, NY), and the system was 
redesigned to allow for better temperature control and oxygenation 
with room air. A preliminary study with histology showed that the new 
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RESULTS 
 Figure 1 shows the force versus displacement response of the 

first three indentations at each of the four rates for a representative 
liver (one whose dimensions most closely represented the mean). The 
results reveal a nonlinear response with hysteresis, strain rate 
sensitivity, and a decrease in both peak force and hysteresis with 
repeated indentation. Stress relaxation across all livers resulted in peak 
forces of 8 ± 2.6 N and equilibrium forces of 0.76 ± 0.6 N. Creep 
results were similar to those in [3] resulting in an equilibrium nominal 
strain of 52 ± 5%. 

 Before complete 3D modeling efforts are carried out, we propose 
an intermediate step where the material response in a single mode of 
deformation (indentation) is modeled within a 1D nonlinear 
rheological framework. We have developed an analytical tool that 
explores the form and the response of common configurations for 
viscoelastic models and allows for linear or nonlinear constitutive 
relations to be used to describe the elastic and dissipative elements.
 The form of the model and preliminary values for the constitutive 
parameters were determined by using the three sequential indentations 
in Figure 1 at 40 mm/s, converted to nominal stress and strain, and the 
equilibrium relaxation response. The modeling approach was validated 
by predicting stress relaxation history and the full series of 12 
indentations. A viscoelastic solid with a nonlinear spring (inverse 
Langevin formulation with initial modulus µo, limiting modulus µlim, 
locking stretch λL) in series with a nonlinear Voigt model comprising a 
linear elastic spring (E) in parallel with a 3-parameter (m, S0, α) 
nonlinear dashpot [1] is shown to represent the data well (Figure 2). 
Preliminary values for the parameters are: µo= 3.05 kPa, µlim= 
800 kPa, λL= 1.39, E= 7.9 kPa, m= 1.413, S0= 74 kPa, and α= 0.019. 

 
DISCUSSION 
 This work presents the methods and results of complete 
viscoelastic mechanical testing of whole perfused livers to finite 
deformations typical of surgical manipulations. Preliminary 1D 
constitutive modeling suggest that a nonlinear viscoelastic formulation 
is capable of capturing the salient features of the data: nonlinear 
load/unload, hysteresis, strain rate sensitivity, and stress relaxation. 
While this technique relies on a drastic simplification of the complex 
3D indentation process, reducing the data to nominal 1D time-stress-
strain histories, it is useful for defining the appropriate constitutive 
framework. The parameters identified here are not optimized but can 
serve as an initial estimate for future 3D constitutive modeling efforts. 
Future work will utilize this complete experimental data set to develop 

a 3D constitutive model integrated in a finite element model of the 
testing configuration. Material parameters will be identified by solving 
the inverse problem using a nonlinear optimization scheme that 
minimizes the mean square error between the predicted time-force-
displacement response and the data. With a model derived from this 
complete set of data, surgical scenarios that are difficult to 
experimentally reproduce can be realistically modeled. 
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Figure 1: Force versus displacement data for a 
representative liver showing three consecutive 

indentations at 0.2, 2, 20, and 40 mms. 
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Figure 2. (Top, Middle) Nominal stress versus time for 
12 consecutive load/unload indentations at 40, 20, 2, 
and 0.2 mm/s, and the 1D model response. (Bottom) 
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